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Abstract 
Hot stamping is a well-established process in car manufacturing today. However, the resulting mechanical properties of a hot 
stamped part and its behaviour during a crash are still open questions. The usual procedure includes destructive experiments to 
determine the mechanical properties resulting from the forming and quenching process. The gained information is then used for 
crash simulation. Using images from micrographs to determine the proportion of bainite and martensite resulting from the hot 
stamping process has proved to be difficult, as these structures are fairly similar and hard to distinguish.  
Sophisticated numerical simulations of the hot stamping process are available. The hardness resulting from the hot stamping 
process can be predicted fairly well from these process simulations. However, information like the tensile strength that is more 
relevant for the crash behaviour cannot be predicted that easily. It is not yet state of the art to map the results from the hot stamping 
simulation directly into the crash simulation. The approach to be presented in detail in this contribution uses the forming speed and 
the quenching velocity to predict the relevant mechanical properties of the hot stamped parts. Both input parameters, the forming 
speed and the quenching velocity, can be derived from the numerical hot stamping simulation. By means of experiments using a 
thermomechanical test system Gleeble well defined process parameters were used. Micro tensile test specimens were manufactured 
out of the Gleeble specimens to eliminate the effect of the Gaussian temperature profile created during the Gleeble experiments. 
Afterwards, tensile tests were carried out to derive a response surface for 22MnB5. The validated results allow the determination of 
the tensile strength of hot stamped parts from the numerical simulation of the hot stamping process with good accuracy. 
 
© 2014 The Authors. Published by Elsevier BV. Selection and/or peer-review under responsibility of Professor Roberto Teti.  
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1. Introduction 
In many industrial fields, especially in the automotive 
and aerospace sector, there is a trend to lightweight 
constructs. With lightweight constructions the use of 
commodities can be reduced and the economical factor 
of the products increases. Within this context, high 
strength steels offer a great potential to reduce the 
thickness of the parts and at the same time increase the 
safety and crash performance. However, the formability 
of high strength steels is limited in comparison to 
conventional deep drawing material. Therefore, the 
application is often challenging. An innovative approach 
to solve the problem in the range of thermal assisted 
production processes of sheet metal forming is the so 
called hot stamping or press hardening [1]. Key idea of 
this technology is the combination of hot forming and 
quenching in one process step. Thereby, the advantages 
from both areas can be used: the enhanced formability of 
metallic materials at elevated temperatures and the good 
mechanical properties after the hardening process. Press 
hardened components are consequently used for 
complex, safety related or crash relevant structural 
components of the body in white [2].  
2. State of the art 
Generally, two process variants, direct and indirect 
press hardening, can be distinguished. Whereas the 
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method of direct press hardening is characterized by a 
single-stage combination of forming and hardening of 
previously completely austenitised sheets in a 
continuous furnace, in the indirect process the forming is 
nearly completed before the actual heat treatment [3]. 
The hot forming process of the homogeneously 
austenitised pre-form is only used for calibrating the 
final shape. Direct press hardening is characterised by a 
better efficiency due to shorter process times and a lower 
tool load, whereas in the case of indirect press 
hardening, the contact conditions during tempering are 
more controllable due to the preceeding forming process 
and the resulting full-surface contact [1].  To prevent 
oxidation and corrosion during the direct press 
hardening process only coated semi-finished products 
are used. The coating is usually based on aluminium, 
silicon or zinc. The boron-manganese steel 22MnB5 is 
commonly used for hot stamping processes [4]. It 
develops a martensitic microstructure with cooling 
speeds above 27 K/s. The conventional hot stamping 
process was subject to several scientific investigations 
including all aspects like mechanical characterisation 
and modelling at elevated temperatures, microstructure, 
coating, tribological conditions, tool design and  
numerical simulation [1]. Disadvantage of the hot 
stamping process is that the parts have a very low 
ductility represented by uniform elongations of 5-6%. In 
order to fulfil the increasing crash legal regulations, a 
new and innovative process procedure called tailored 
tempering was developed [5]. Key idea of the approach 
is the production of components with locally different 
mechanical properties optimised for the final 
application. Thereby it is possible to adjust e.g. the 
strength distribution of a b-pillar [6]. The upper part 
exhibits a high strength to ensure the stability and 
integrity of the passenger compartment. The lower part 
is soft and ductile to absorb the crash energy. Different 
strategies for the production of tailored parts are known 
like local austenitisation before the hot stamping or local 
annealing after the hot stamping. However, the most 
commonly used approach is the local tool tempering. By 
an active heating of tool parts it is possible to adapt the 
quenching speed and consequently tailor the mechanical 
properties. The resulting microstructure consists of a 
mixture of ferrite, pearlite, bainite and martensite. As a 
result, the strength of the material is reduced and the 
ductility increases. Main challenge of the tailored 
tempering is the reliable prediction of the mechanical 
properties of the final parts, which is necessary for the 
crash simulation [7].  
For the numerical analysis of the tailored tempering 
process the interaction of the mechanical field, the 
thermal field and the microstructure evolution has to be 
taken into account. According to  these requirements, 
Äkerstrom et al. [8] developed an advanced material 
model, which was afterwards implemented by Olsson [9] 
in the commercial FE-Code LsDyna and is called 
*MAT_244. It uses the model of Li et al. [10] for the 
diffusion-controlled transformation of austenite into 
ferrite, pearlite and bainite. The model itself was 
developed on the fundamental investigations of Kirkaldy 
and Venugopalan [11]. The material model is able to 
predict the microstructure after the hot stamping process. 
Based on the individual hardness values of ferrite 
pearlite, bainite and martensite, calculated from 
empirical relations, and the information about their 
percentage after the hot stamping, it is possible to predict 
the resulting hardness by a rule of mixture. In LsDyna an 
enhanced rule from Li et al. [10] based on an empirical 
model of Maynier et al. [12] is implemented that realises 
a weight sum approach based on the microstructure 
percentiles. From the derived hardness distribution the 
mechanical properties are estimated and can then be 
used for the crash simulation. However, the validation of 
the model is challenging, because bainite and martensite 
can hardly be distinguished in optical microstructural 
investigations. Moreover, Feuser [13] proved that there 
are significant discrepancies between the values 
predicted using the above model and the measured 
hardness values gathered from tailored tempered parts. 
As a consequence, Hocholdinger et al. [7] proposed an 
enhanced model with an incremental calculation of the 
bainite and martensite in order to improve the prediction 
accuracy. The experimental validation of this approach 
has not been published yet.  
3. Scientific approach and experimental setup 
Goal of the new scientific approach is an improved 
prediction of the mechanical properties after the hot 
stamping process out of the simulation. In contrast to 
former scientific investigations, the results should be 
calculated based on the most important parameters: the 
quenching speed and the pre-straining during the hot 
stamping, because they can easily be evaluated from 
numerical simulation. Therefore these values must be 
documented and controlled during the experiments. This 
cannot be done by taking samples from large real world 
parts, as the temperature and forming history is usually 
unknown in details. Instead the hot stamping process 
was reproduced, controlled and monitored in much more 
detail using a themomechanical testing system Gleeble. 
The procedure allows a defined control and 
measurement of the deformation and the quenching 
speed. The complete investigation consists of two parts. 
In the experimental part firstly the treatment of the 
specimen according to the typical hot stamping process 
and afterwards the characterisation of the mechanical 
properties at room temperature are carried out. Then the 
169 Hinnerk Hagenah et al. /  Procedia CIRP  33 ( 2015 )  167 – 172 
 
behaviour is modelled for the easy future use in 
simulation tools. 
3.1 Material 
 For the investigations, the quenchable, ultra high-
strength steel 22MnB5, which is established in the 
automotive industry, was used. The thickness of the 
blank is 1.75 mm. The material has an aluminium-silicon 
coating, which prevents the blanks from oxidation and 
decarburisation during the heat treatment.  
3.2 Reproduction of the hot stamping process 
For the simulation of the hot stamping process a 
Gleeble System 1500 was used (Fig. 1). By a 
conductive heating in combination with compressed air 
nozzles it is possible to adjust the typical time 
temperature profile of the hot stamping process. 
Especially cooling speeds up to 70K/s can be realized. 
The temperature was controlled by Ni/Cr–Ni 
thermocouples, which were positioned by spot welding 
on the lower side of the tensile specimens.  
Lechler [14] proved that based on the physical 
principle of conductive heating, a homogenous 
temperature range of about 15 mm can be realized in the 
middle of the specimen. However, the gradation of the 
temperature leads to an inhomogeneous material flow 
along the tensile specimens during the deformation. In 
order to analyse the local strain distribution, the optical 
strain measurement system ARAMIS of the company 
GOM was used. A stochastic pattern is applied on the 
samples before the process. Afterwards, the system 
calculates the deformation based on the displacement of 
single points. The geometry of the specimens for the test 
was designed according to the recommendation of 
EN482-2. 
3.3 Analysis of the material properties after hot 
stamping 
As mentioned before, the maximum temperature 
during the heat treatment is located in the middle of the 
specimens (Fig. 1). Consequently, the change of the 
microstructure is also located in this area. This, however, 
implicates that there is also a gradation of the 
mechanical properties along the tensile specimens after 
the heat treatment. If the same geometry was used for 
the material characterisation that had been subjected to 
the reproduced hot stamping, there would be an 
inhomogeneous material flow due to the combination of 
soft and hard areas. Based on the lower yield strength in 
the not hot stamped parts, a localisation of the plastic 
strain can be identified in this area (Fig. 2).  
Consequently the most important results like the 
tensile strength of the press hardened material could not 
be identified within the tensile test. To solve this 
problem, a miniaturised tensile specimen was developed 
which can be seen in figure 3. The testing width was 
reduced from 12.5 mm to 3.5 mm by a milling process. 
Based on the much lower width in the middle of the 
specimen, the deformation can be concentrated in this 
area. The mechanical properties were analysed in a 
conventional universal testing machine Z 100 from the 
company Zwick. For the determination of the 
mechanical properties again the optical strain 
measurement was used.  
 
Fig. 1: Heat treatment with Gleeble system 
 
Fig. 3: Newly developed testing geometry 
 
  Fig. 2: Inhomogeneous material flow due to the strength distribution 
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However, based on the miniaturisation of the specimens, 
a finer stochastic pattern was applied by using an 
airbrush. 
4. Results 
Figure 4 shows the influence of the quenching speed 
on the tensile strength without deformation during the 
hot stamping. For a very low cooling speed of 9 K/s, a 
tensile strength of only 850 MPa could be realised after 
the hot stamping process. By increasing the quenching 
speed up to 30 K/s, there is an increase of the strength by 
60% or 513 MPa to 1363 MPa. This can be explained by 
the higher amount of bainitic and martensitic structures, 
which result in a higher distortion of the lattice and an 
increased hindrance of the dislocation movement. By an 
increase of the cooling speed, no further influence on the 
tensile strength could be identified. The tensile strength 
reaches saturation at about 1400 MPa. Based on the very 
high quenching speed, a complete martensitic 
microstructure develops. The results are in good 
agreement with investigations from Svec et al. [15], 
where also no deformation during the hot stamping 
process was applied. Figure 5 shows the hardness 
depending on the quenching speed without straining. For 
very low cooling speeds, a hardness of 275 HV 10 can 
be identified. Similar to the tensile strength, also the 
hardness is directly connected to the quenching speed. 
For high cooling speeds the complete martensitic 
microstructure leads to a hardness of 450 HV10. Again 
there is good agreement with other publications [15]. 
 
Using results from literature investigations at low 
quenching speed with plastic deformation were omitted 
since no significant press hardening occurs [16]. With 
the lowest investigated quenching speed of 30 K/s, a 
tensile strength of only 949 MPa could be reached. 
Again there is an increase of the tensile strength for 
higher cooling speeds. However, the growth is much 
lower than it had been without plastic deformation 
(Fig. 6). For example the tensile strength increases only 
to 120 MPa or 12.6% for the quenching speed of 49K/s. 
For the highest tested quenching speed with 63 K/s, a 
tensile strength of 1335 MPa was identified. Compared 
to the results without deformation during the hot 
stamping for all quenching speeds, a significant 
reduction of the mechanical properties could be 
recognized. For relatively low quenching speeds of 30 
K/s, the tensile strength is 413 MPa. This equals a 
decrease of 30% if deformation occurs in comparison to 
the values gathered without deformation. For higher 
quenching speeds, the differences are reduced until 
nearly the same results were achieved for both 
deformations. By analysing the hardness of the material, 
a similar effect can be observed (Fig. 7). For the low 
quenching speed of 30K/s, a hardness of only 301 HV10 
was measured if deformation occurred during the hot 
stamping simulation. This is 128 HV10 or 30% lower 
than the measured hardness without deformation. For an 
increasing quenching speed also the hardness of the 
specimens increases. Up to quenching speeds of 49 K/s, 
only a slow increase of the hardness to 350 HV 10 could 
be seen.  
 
 
Fig. 4: Influence of quenching speed without plastic deformation 
 
Fig. 5: Influence of quenching speed without plastic deformation 
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Fig. 6: Influence of quenching speed with plastic deformation 
 
   Similar to the tensile strength, the highest values were 
identified for a cooling speed of 63 K/s, the material has 
nearly the same value as without deformation. The 
results prove that the often mentioned limit of 27 K/s to 
achieve a martensitic microstructure is only valid, if 
there is no deformation during the quenching process. 
Since quenching occurs during forming for the direct hot 
stamping process, this has to be taken into account in 
order to predict crash behaviour. From several scientific 
publications it is known, that the TTT-diagram is shifted 
to higher cooling rates [17]. Responsible for the shift are 
dislocations that are induced during the forming 
operation. They act as new nucleation sites during the 
microstructure transformation and thereby affect the 
diffusion process. Consequently, higher cooling speeds 
are necessary to realise a complete martensitic structure 
during direct hot stamping.   
5. Material model   
The presented measurements of the tensile strength and 
the hardness indicate that the deformation during the hot 
stamping process has to be taken into account for the 
determination of the mechanical properties of hot 
stamped parts from numerical simulations. Therefore, a 
material model was derived from the described 
comprehensive material characterisation. The model 
presented here was built to allow the prediction of the 
tensile strength depending on the quenching speed and 
the deformation during the hot stamping process. The 
experiments shown above were repeated for εpl = [0.0, 
0.1, 0.2, 0.3] to have a sufficient database. 
 
Fig. 7: Influence of quenching speed with plastic deformation 
 
In order to be able to cover the relevant range of true 
plastic strain during hot stamping a response surface was 
to be derived from the experimental data. A quadratic 
regression function was chosen as a base shape for 
reasons of simplicity. The parameters of the response 
surface were fitted using the minimum square error 
approach. The resulting response surface can be given as 
a formula as follows and is depicted in Figure 8: 
 
 
From this result all needed input for the crash 
simulation of arbitrary hot stamped parts can be 
extracted. While this model has been built using 
experimental data, the computations can also be based 
on simulation data. As mentioned in the beginning 
validated and reliable process simulations of hot 
stamping are available using several FE-codes [1]. From 
any of these forming simulations the quenching speed 
and the true plastic strain a node has experienced can be 
derived. Thus the input required for crash simulation can 
be determined in a more reliable way without the need 
for real experiments from available forming simulations.  
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Fig. 8: Material model for the prediction of the tensile strength 
depending on the plastic deformation and the quenching speed 
 
6. Summary and Outlook 
Within this paper, a new and innovative way to 
predict the mechanical properties after hot stamping was 
presented. Key idea of the approach is the analysis of the 
mechanical properties depending on the main 
influencing parameters – true plastic strain and 
quenching speed. In contrast to the conventional 
procedure, a reproduction of the hot stamping process 
was performed with a Gleeble system. This allowed for a 
direct measuring and controlling of the pre-straining and 
quenching speed, leading to reliable confirmation of the 
influence of the displacement on the effect of the 
quenching speed. 
Within further scientific investigations, the material 
model will be extended so that it is not only possible to 
predict the hardness and tensile strength but also 
complete flow curves and yield surfaces. Moreover, real 
tailored tempered parts will be pressed and crash tests 
will be performed in order to validate the mapping from 
forming to crash simulation. 
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